the design of a smart robot for colonoscopy is challenging because of the limited available space, slippery internal surfaces, and tortuous 3D shape of the human colon. Locomotion forces applied by an endoscopic robot may damage the colonic wall and/or cause pain and discomfort to patients. This study reports a Soft pneumatic inchworm Double balloon (SpiD) mini-robot for colonoscopy consisting of two balloons connected by a 3 degrees of freedom soft pneumatic actuator. SPID has an external diameter of 18 mm, a total length of 60 mm, and weighs 10 g. The balloons provide anchorage into the colonic wall for a bio-inspired inchworm locomotion. The proposed design reduces the pressure applied to the colonic wall and consequently pain and discomfort during the procedure. The mini-robot has been tested in a deformable plastic colon phantom of similar shape and dimensions to the human anatomy, exhibiting efficient locomotion by its ability to deform and negotiate flexures and bends. The mini-robot is made of elastomer and constructed from 3D printed components, hence with low production costs essential for a disposable device.
must be re-usable so that the device will be a financially viable proposition. Even if fully developed, it is most unlikely that it would reduce significantly the costs of screening colonoscopy for colorectal cancer.
The use of soft materials has the advantage of reducing the forces applied to the colonic wall and consequently diminishing pain and discomfort to the patient during the procedure. Because of the low mechanical stiffness, a soft robot can perform dexterous movements and follows the 3D-shape contours of the colonic lumen without the need of a complex active closed-loop control 20 . An additional advantage of using soft materials is the low production costs 21 . The body of the robot can be produced by "injection moulding" at a very low cost 22 , enabling the robot to be marked as a disposable device and thus avoiding the issues of cleaning, disinfection, and maintenance. This will drastically reduce the health care costs compared to the traditional optical colonoscopy and also the overall acceptability by patients.
Design of a soft mini robot for colonoscopy is challenging because of the limited lumen available of the colon, with an internal diameter ranging from 40 to 80 mm 23, 24 , as well as the locomotion challenge rendered difficult by the device having to successfully negotiate the colonic flexures. The design should also provide space to locate a camera at the distal-end for visual inspection, introduction and use of therapeutic instruments. When the size of a soft robot is scaled down inclusion of all these requirements in the design may become challenging because of the high air activation pressure 25 or high activation voltage 26, 27 needed. In addition, these have to meet stringent medical regulatory standards. Micro and nanorobots, developed during the last decade, have lacked therapeutic and diagnostic functionalities. Several challenges have to be resolved before untethered robots can be realised for medical use 28 .
Soft robots can be actuated by shape memory alloys 29, 30 , cables and air [31] [32] [33] [34] [35] , external magnetic field 36 , light 37 , or by a combination of different actuation systems 38 . Nature is inspirational for such designs 39, 40 . Inchworm locomotion led to several reported studies [41] [42] [43] [44] [45] together with anchoring methods included in the design to increase the contact force and to address the direction of the locomotion. Toroidal balloons have been proposed to anchor the inchworm device inside a rigid tube 46 or a colon 18 . However, all the previous balloon inchworm-like locomotion designs rely on a linear actuator with 1 DOF that can be bent passively by pushing against the luminal internal wall to proceed around corners 18, 46 . This, however, may not be possible when the device has to negotiate acute corners or exceed high force against the inner wall of a lumen to achieve passive bending. The balloon design reported in previous studies 18, 46 has limited variation of the external diameter reducing the anchorage force possible in the various regions of the colon.
In the present study we propose a Soft Pneumatic Inchworm Double balloon (SPID) mini-robot consisting of two balloons connected by a 3 DOFs soft pneumatic actuator (SPA), with a total 5 DOFs as shown in Fig. 1a . Both balloons have a cylindrical frame with an inner cavity of 13 × 20 mm ( Fig. 1b ). An additional advantage of using balloons is the possibility of increasing the contact force despite the light weight of the mini-robot. The central pneumatic actuator can extend (1 DOF) and rotate around 2 axes (2 DOFs) to move forward with enough dexterity to go around narrow acute corners, including colonic flexures. The inchworm locomotion entails 5 sequential steps as shown in Fig. 1c : (i) proximal balloon activation to anchor the mini-robot within the circular colonic wall; (ii) extension of the SPA forwards following the contour and orientation of the colonic lumen; (iii) activation of the distal balloon to provide the required anchorage; (iv) deactivation of the proximal balloon and (v) contraction of the SPA to move forwards. The design parameters of SPID, i.e., range of motion, external diameter, and overall length were chosen to conform with the average size and shape of a human colon. Advantages of this design compared to the previous reported devices are (i) high dexterity in locomotion with 5 DOFs to overcome narrow bends and flexures, and (ii) the novel balloon design for improved anchorage of the mini-robot in different sections exerting a low external pressure in the colonic wall, (iii) whilst providing enough inner space for housing camera, electronics, cables and tubes, required for endoscopic examination.
Results
It is well established that one of the main challenges for a robotic colonoscopy consists of the ability of the device to negotiate the acute angled splenic flexure at the junction between the transverse and the descending colon. This flexure has an angle ranging between 40° to 50° and a diameter of 30 mm after CO 2 inflation of the colon 24 .
The two balloons proposed in SPID design are made from Ecoflex 00-30 (Smooth-on-Inc., PA, USA) and can be activated with a low air pressure ensuring low pressure exerted on the colonic wall. The experiments were performed in a quasi-static configuration activating the balloon with air controlled manually by using an external piston-cylinder and measuring the inflated volume and air pressure. Each experiment was performed 5 times with mean value and standard deviation shown in the graphs. Each balloon has an external diameter at rest of 18 mm and when activated it expands above 80 mm ( Fig. 2a) , with an activation pressure below 2.5 kPa without external constrain (Fig. 2b ). The external diameter vs. air volume exhibits a monotonic function, resulting in an air volume as a feedback-reference for the implementation of a closed-loop control; i.e., by controlling the piston stroke in a pneumatic cylinder. The pressure vs. air volume graph exhibits 3 phases. In phase one, as the air volume rises from 0 to 10 mL, the pressure increases rapidly to 1.4 kPa with a negligible increase of the balloon external diameter. In phase two, as the air volume rises from 10 to 50 mL, the pressure decreases slightly with its value about 1.4 kPa. In this phase, the balloon diameter starts to increase. Phase three, when the air volume exceeds 50 mL of air volume, the pressure increases with a linear fashion up to 2.5 kPa.
The graph reported in Fig. 2c is obtained by combining the two graphs from Fig. 2a ,b to relate the external diameter of the balloon with the internal air pressure. This graph shows a non-monotonic function. This implies that there is no constant relation between a given diameter and a given pressure. This behaviour is explained by the fact that the internal air pressure increases the wall tension as the diameter increases (Laplace's law) in accordance with the mechanical properties of Ecoflex. The characteristics of this balloon require that, to adjust its diameter, a closed-loop control system has to use the air volume as a feedback-reference input, because a given balloon external diameter cannot be controlled by using the air pressure. The inflated balloon wide diameter allows the robot to secure a stable anchorage inside the colon between haustra providing sufficient force to move it forward. The anchorage force was measured by using an Instron 5564 dual column with the load cell connected to the balloon (Fig. 2d ) and by pulling it up at a constant speed of 1 mm/s. The force profile vs. displacement for each volume of air inflated in the balloon is shown in Fig. 2e . The maximal anchorage force was 7.9 N with a balloon activation air volume of 80 mL and pressure of 6.1 kPa. The force was tested by using a vertical tube made from transparent thin plastic film (15 μm thickness) with the balloon being anchored between 2 elastic bands simulating a haustral fold.
Free displacement studies of SPID were performed by activating the SPA. Its design consists of 3 chambers (C 1 , C 2 , C 3 ) symmetrically disposed around the central cavity as shown in the cross-section A − A′ in Fig. 3a . Figure 3b shows the cross-section B − B′ and the force produced by the activation of chamber C 1 for negative bending. Figure 3c shows the cross-section C − C′ and the force produced by the activation of chambers C 2 , C 3 for positive bending. Experiments of the negative bending around the Y axis are shown in Fig. 3d with a maximal value of −130°. The activation of the chamber C 1 moves the distal part of SPID in the X-Z plane, with the trajectory reported in Fig. 3e . Experiments of the positive bending around the Y axis are shown in Fig. 3f with a maximal value of 110°. The trajectory of the bending in the plane X-Z is reported in Fig. 3g . Figure 3e ,g show similar bending trajectories. However, the higher force generated by the simultaneous activation of 2 chambers during the positive bending produces an X displacement wider than the negative bending, when only 1 chamber is activated. The extension along the Z axis is obtained by the simultaneous activation of 3 chambers C 1 , C 2 , C 3 producing a maximal extension of 30 mm as shown in Fig. 3h . The SPA extension vs. air pressure monotonic function is shown in Fig. 3i . This monotonic behaviour is different from the non-monotonic balloon profile and is due to the anisotropic structure of the SPA design, the wall of which is reinforced with cotton threads to constrain lateral expansion. Details of the construction process are reported in the Supplementary Material. During its activation, the chambers' cross-section area remains almost constant with a generated force proportional to the internal air pressure. Figure 4 shows blocking force of SPID. These experiments were performed by using an Instron 5564 dual column and blocking SPID from the base to the load cell. Graphs force vs. air volume are shown in different extension from 0 up to 30 mm (Fig. 4a ) with a maximal pushing longitudinal force of 4.8 N. This force is needed to advance SPID forward and open its path in case the luminal collapse. The output force decreases with the extension due to the increase of the resistance of the polymer when it is stretched. Figure 4b shows the force vs. extension profile when the SPA is activated (blue line), and the passive force produced by the polymer mechanical resistance when the SPA is deactivated (red line). The active force decreases linearly from 0 to 15 mm and then retains a value around 2 N. The passive force has an almost linear profile with a negligible hysteresis due to the mechanical properties of the polymer. The passive force is required to pull the tether and overcome its drag during the locomotion. These studies reported high dexterity and high force vs. weight ratio.
The tether to activate the two balloons and the SPA is composed of 5 silicon tubes with an external diameter of 2.6 mm each for the SPA, and 3 mm each for the balloons.
Vertical locomotion and its capability to adapt the shape to different colonic sections were tested in a rigid vertical tube with internal diameters of 36 mm, 54 mm, and 72 mm, respectively, each with a length of 100 mm, www.nature.com/scientificreports www.nature.com/scientificreports/ providing a total of 300 mm, as it is shown in Fig. 5a and the Supplementary Video V1. This experiment shows the ability of the balloons to conform to the shape of different colonic diameters.
A colon phantom was constructed to conform with the shape and size of the average human colon 24 and was used to investigate the locomotion performance of SPID, as it is shown in Fig. 5b and the Supplementary Video V2. This set up addressed the locomotion in a more challenging environment including the 3D path as well as thin and weak plastic wall. Lubricant (Vaseline, Unilever, London, UK) was applied between the mini-robot and the wall made of transparent thin plastic film to reduce the locomotion friction. Elastic bands were used to simulate haustral folds in the colon. SPID showed high dexterity in negotiating narrow corners with good locomotion speed. The experiments were performed in accordance with a standard colonoscopy procedure. Hence, in the initial phase of the colonoscopy procedure, the endoscopist is focused on reaching the caecum. Thereafter, inspection is undertaken during the second stage as the endoscope is withdrawn slowly. SPID experiments reproduced the same procedure, showing that was able to reach the caecum in 8′30″ covering a total length of 1.4 m at an average speed of 2.8 mm/s. After caecal intubation, the mini-robot was withdrawn by traction on the air tubes. This phase took about 1′ with an average speed of 25 mm/s although in a real scenario this may take longer for a precise evaluation of the colonic mucosa. During this phase SPID could be activated, enabling forward locomotion for subsequent inspection when considered necessary to ensure that no abnormality was missed. The balloon, when anchored, allows a precise control and steering of the mini-robot tip for inspection and/or treatment.
Discussion
This study reports a soft pneumatic inchworm double balloon, refereed to SPID, for colonoscopy. The mini-robot is made of 3D printed components and Ecoflex ™ 00-30 with high compliance and flexibility for intrinsic locomotion demonstrated by experiments in a plastic deformable colon phantom. The dexterous and compliant behaviour of the 3 DOFs soft pneumatic actuator connecting the 2 balloons enables the mini-robot to negotiate acute corners and the highly compliant double balloon structure readily adapt to conform with shape of the various colonic sections and their diameters. Construction from soft materials carries several physical advantages including innate flexibility, gentle atraumatic contact with the colonic wall and low production cost, essential for production of a disposable device. This can avoid issues concerning sterilisation, cross contamination and maintenance. The low Young's modulus provides a passive compliant interaction with the colonic wall reducing pressure for anchorage. During the experiments, the balloons have never sustained any air leakage, essential for assuring the device reliability. A camera is needed for the colon inspection, which can be mounted in the cavity of the distal balloon. Traditional biopsy instruments can be used both for diagnostic and therapeutic functions. SPID can incorporate a tube extending from the camera to an external console for insertion of instruments for treatment of suspect lesions.
The present study was primarily concerned with the locomotion design and its transit rate in a plastic colon phantom. The insertion of the tether through the anus will produce additional friction and drag force not considered in the present study. However, this friction can be almost abolished by use of an external device to feed the tether during the locomotion or with the use of a dedicate access port. The activation of the SPA chambers and the balloons was obtained by using manual controlled external pistons-cylinders, successfully demonstrating its functionalities. An active control will improve the locomotion speed, manoeuvrability, and will ease the procedure by reducing activation and deactivation times. Such control can be implemented via an external user console with a joystick or by using a smart-control to follow autonomously the colonic lumen. This should ensure very precise control of the mini-robot as well as assistance in the training or in the use of SPID by a technician or nurse practitioner. In such scenario, a trained colonoscopist would potentially supervise several simultaneous ongoing procedures acting, e.g., requesting biopsy or reverse locomotion to obtain a second look, with a disruptive reduction of cost. Finally, SPID by reducing the pressure against the colon wall, may contribute to increase the compliance rate for CRC screening of the asymptomatic population, towards mass screening campaigns for early diagnosis.
Methods
The basic concept of SPID involves the design of the double balloon and the SPA. Each part was constructed and tested before the assembly to avoid any issue in the final functional outcomes. A colonic phantom was designed and constructed to test the locomotion performance based on the size and configuration of the average human colon anatomy. The following sections report on the design details of each component.
Balloon for anchorage.
Previous studies proposed balloon designs with a limited range in expansion of the external diameter, and lack on internal space to accommodate the image system 18, 46 , despite this requirement is essential for the design of a mini-robot for colonoscopy. A large range in the external diameter (on inflation), allows the robot to be anchored in the different sections of the colonic wall. An internal cavity is necessary for accommodation of the electronic components for the control, i.e., IMU (inertial measurement unit) or camera. Both requirements have been addressed in the design of the balloons.
The balloon structure includes a 3D printed cylindrical frame made of Vero-Clear surrounded by a thin layer (thickness of 0.6 mm) of silicon rubber Ecoflex ™ 00-30. Compared to other silicon rubbers, Ecoflex ™ 00-30 is the one that exhibits lower shore hardness and higher elongation break. This results in a lower activation pressure and higher compliant behaviour, essential to reduce forces applied to the colonic wall and consequently increasing patient compliance. A higher stiffer elastomer would require higher activation pressure, which may cause problems in case of balloon rupture. A tube connector is located in the inner part of the frame for the balloon activation. The construction process is described in detail in the Supplementary Materials. The balloon, when activated, adapts its shape to the colonic haustral fold producing an anchorage force (F A ) essential for the inchworm locomotion. This force has 2 major components: Coulomb friction (F C ) and marginal resistance (F M ). The Coulomb friction is related to the force of the balloon against the colonic wall (F B ) and the coefficient of friction μ. This force includes also the weight of the robot (F R ) although, because of its light weight (10 g), this force is negligible compared to F B . The F C can be low because of the slippery colonic mucosa surface. The marginal resistance is related to the longitudinal deformation of the colonic wall.
During a colonoscopy, air or gas is used to inflate and expand the colonic lumen with an internal pressure up to 7.6 kPa 47, 48 , which is higher than the balloon activation pressure required in SPID. The pressure of the balloon against the colonic wall is the result of the internal air pressure (P B ) minus the elastomer mechanical pressure (P E ). This produces an external pressure on the colon wall, which is much lower than the pressure pain threshold encountered during standard colonoscopy. SPA design. The two balloons are connected with a 3 DOFs soft pneumatic actuator (SPA). This design relies on a positive differential pressure (PDP) rather than a buckling actuator 49 , that relies on negative differential pressure (NDP). PDP actuators can provide a positive force to extend and pushing the distal balloon forward. This Scientific RepoRtS | (2019) 9:11109 | https://doi.org/10.1038/s41598-019-47320-3
www.nature.com/scientificreports www.nature.com/scientificreports/ represents a considerable advantage for a colonoscopic mini-robot as it enables the device to open a collapsed colonic lumen. A pushing active force improves the ability of SPID to negotiate round corners adapting its shape by its intrinsic flexibility to conform with the contours of the flexure. The realisation of a PDP actuator with 3 DOFs imparts a further advantage by being considerably smaller than a NDP because of its simpler manufacturing process. When deactivated, a PDP actuator relies on a passive force provided by the mechanical properties of the elastomer as it contracts and pulls forward the proximal balloon. The main limitation in using a NDP actuator is the manufacture of 3 DOFs with an inner cavity in a small and compact design. Because of the established advantages of a PDP vs. a NDP actuator, the proposed robot design includes a PDP soft pneumatic actuator.
The SPA is composed of 3 longitudinal chambers and a central 5 mm circular cavity, with a cross-section area of 2.6 mm 2 . The external diameter is 18 mm and a total length of 20 mm. Several lengths vs. diameter ratios have been tested. The one selected for SPID exhibited a good compromise between lateral bending enabling high dexterity, and longitudinal elongation to enhance locomotion speed. Higher dexterity could have been achieved by using 4 chambers although 1 more tube would have increased the tether diameter and hence the drag force with inevitable reduction of the locomotion speed. Supplementary Material describes the construction process.
Colon phantom. Colonoscopy robots have been tested ex vivo 7, 50 , in synthetic phantoms 18, 48, 51, 52 , and in vivo in pigs 18 . An ex vivo pig colon mounted on a work bench lacks muscle tone and is flaccid. Besides, haustral folds are reduced in the ex vivo colon specimen. This is on sharp contrast to the normal in situ living human colon, which exhibits more than 600 haustra along its length 53 . In addition, an ex vivo pig colon is floppy and collapsed, significantly different from a live human colon where air or CO 2 are used to expand the colonic lumen during colonoscopy. A live pig has similar mechanical properties, although its spiral colonic configuration is different from the shape and configuration of the human colon. An available off-the-shelf phantom 54 has rubber mechanical properties that differ considerably from the consistency of the human colon. This will thus exert high force against a robot capable of intrinsic locomotion.
In our experiments, to overcome all these issues, a colon phantom was constructed specifically to test locomotion. This has a total length of 1.4 m and a diameter ranging from 25 mm up to 80 mm. Annular 3D printed rings define the shape of the internal diameter of the colon. The colonic wall was made of transparent plastic films (15 μm wall thickenss). The low mechanical stiffness of the plastic film was needed in view of testing the effect of low pressures applied to the colonic wall. The entire length of the internal wall of the plastic phantom was lubricated with Vaseline to reduce the contact friction. Plastic bands were used to simulate haustral indentations. Details of the colon phantom are reported in the Supplementary Material.
